We present a phenomenological scheme to study the size-dependent electric voltage-controlled magnetic anisotropy in ferromagnetic (FM) and ferroelectric (FE) heterostructures. The FM layers are either metallic [Fe(001), Ni(001), Co(0001)] or half-metallic [(La, Sr)MnO 3 ] films. Two magnetoelectric mechanisms, i.e., interface-charge and strain-mediated couplings, are considered. We show that the interface-charge-mediated coupling is the main mechanism for the magnetoelectic coupling when the FM film thickness is below a certain transition thickness d tr while the strain-mediated coupling dominates above d tr .
I. INTRODUCTION
Artificial multiferroic heterostructures of ferroelectric (FE) and ferromagnetic (FM) layers are of increasing interest due to the coupling between the magnetic and electric polarizations. [1] [2] [3] Of particular interest in the multiferroic heterostructures, electric voltage, rather than the usual current or magnetic field, can be directly used to control the magnetic anisotropy or magnetization direction via magnetoelectric (ME) coupling, [1] [2] [3] [4] [5] which offers promising applications for novel spintronic or ME devices with much lower power consumption and higher speed. Examples include voltagedriven magnetic random access memories, [6] [7] [8] logic circuits, 9 and microwave devices. 10, 11 Much effort has been devoted to achieve robust room-temperature ME coupling by virtue of such FE/FM heterostructures through a strain-induced ME effect across an interface, 4, [12] [13] [14] [15] [16] [17] [18] an interface-charges-driven ME effect, [19] [20] [21] [22] [23] or magnetic exchange bias. [24] [25] [26] [27] [28] [29] As demonstrated recently in the multiferroic heterostructures, a remarkable electric-voltage control of magnetic behavior of the magnetic nanostructures at room temperature can be achieved by a strain-induced ME coupling, i.e., an external voltage in the ferroelectric layer causing a strain change across the interface and then altering the magnetic anisotropy of the magnetic layer via magnetoelastic coupling. For example, a butterfly-shaped magnetization-electric field (M-E) loop at room temperature has recently been observed in a multiferroic FM/FE heterostructure with a La 0.7 Sr 0.3 MnO 3 (LSMO, 20-50 nm) thin film grown on Pb(Mg 1/3 Nb 2/3 ) 0.72 Ti 0.28 O 3 (PMN-PT), which tracks the butterfly-shaped strain-E loop of PMN-PT, demonstrating a strain-induced ME coupling across the LSMO/PMN-PT interface. 12 However, in a multiferroic PbZr 0.2 Ti 0.8 O 3 (PZT, 250 nm)/LSMO (4 nm)/SrTiO 3 (001) heterostructure, 19 a totally different square-shaped M-E hysteric loop has been observed at 100 K. Although a larger piezostrain could be expected in such a reverse FE/FM/substrate structure, further tests using x-ray absorption near edge spectroscopy 20 explicitly illustrated an interface-charge-driven ME coupling, i.e., a direct voltage-induced modification of the magnetocrystalline anisotropy through a change in interfacial spin configuration. [21] [22] [23] This discrepancy thus raises important questions: Why do the two heterostructures behave differently, or do these two different ME coupling mechanisms operate independently? In this work, we demonstrate these coupling mechanisms could coexist and tend to interact with each other at the interfaces. Specifically, the interface-charge-mediated ME coupling exerts major influences for ultrathin FM films while the strain-mediated ME coupling operates at larger thickness, leading to a size dependent electric-voltage control of magnetic anisotropy.
In this article we present a phenomenological approach to investigate such size effect of the ME coupling in the multiferroic FM/FE heterostructure, where the influences of two mechanisms for the ME coupling, i.e., the interface-chargeand strain-mediated coupling, are addressed. For illustration, we consider different FM films, including either metallic [Fe(001), Ni(001), Co(0001)] or half-metallic (001)-oriented LSMO films, grown on an FE layer such as BaTiO 3 (001). The results show that there is a transition thickness d tr for the FM films, i.e., in the FM/FE heterostructures with a thin FM film below d tr , the interface-charge-mediated coupling plays a major part, while the strain-mediated ME coupling predominates when the FM film thickness is larger than d tr .
II. PHENOMENOLOGICAL MODEL
Consider a multiferroic structure with a FM thin film grown on a FE layer and an electric voltage V applied longitudinally across the FE layer. Then the total magnetic anisotropy energy F tot (V ) of the FM film in a single-domain state is 7, 8, 18 
where F mc is the magnetocrystalline anisotropy, F shape the shape anisotropy, F me the magnetoelastic anisotropy, and F S the surface anisotropy, The strain-induced coupling across the interface and the interface-charge driven coupling are mainly related to the magnetoelastic anisotropy F me and the surface anisotropy F S , respectively, where F S can be expressed as 22, 30 
where μ 0 and M s are the vacuum permeability and the saturation magnetization, respectively. Combination of Eq. (3) with Eq. (1) yields under zero voltage bias
for cubic (001)-oriented FM films and
for hexagonal (0001) films. K 1 and B i (i = 1,2,3,4) denote the magnetocrystalline and magnetoelastic constants, respectively; c ij and ε 0 are the elastic stiffness constants and the residual strain in the FM films, respectively. H OP eff can be experimentally obtained from an out-of-plane magnetic hysteresis loop. 33 An out-of-plane magnetic easy axis (or spontaneous magnetization) is preferred for H OP eff > 0, and a change in the sign of H OP eff from positive to negative would indicate an easy axis reorientation 18 from an out-of-plane to an in-plane direction or vice versa. Such a reorientation depending on the film thickness has been reported in FM thin films. 30, 34, 35 For example, in a Ni/Cu(001) heterostructure, 34 the easy axis of the magnetization switched abruptly from initial in-plane to out-of-plane at a critical thickness d cr of about 10.5 monolayers (ML) (i.e., ∼1.6 nm). The critical thickness d cr for such an easy axis reorientation can be estimated from H
. By using the known material parameters, 36 and the residual strain ε 0 of 2.5% arising from the in-plane lattice mismatch between the Ni film and Cu(001) substrate, 34 one can obtain d cr of about 1.73 nm for the Ni film, well consistent with the experimental value (∼1.6 nm), demonstrating that this effective anisotropy field approach is valid. Now let us return to the change in the magnetic anisotropy under the application of longitudinal electric voltages to the bilayer structure, i.e., H 
for cubic (001) FM films and
for hexagonal (0001) films. ε p (V ) denotes the piezostrain under external voltage. The two terms in the square brackets on the right-hand side of Eq. (5) describe the contributions from the strain-and the interface-charge-mediated ME coupling. Thus these two mechanisms coexist in the FM/FE bilayer structure and compete with each other.
III. RESULTS AND DISCUSSION
For illustration, the calculations are performed for the FM films by using the known material parameters, 36 and a common BaTiO 3 (BTO) film with a thickness of about 100 nm grown on a (001) SrTiO 3 substrate 41 is chosen as the FE layer, with SrRuO 3 as a bottom electrode. The butterfly-shaped curve of piezostrain ε p (V ) shown in Fig. 1(a) v was measured in the BTO film using a piezoelectric force microscope. For the metallic Fe(001) films, the hysteresis-like change in K s (V ) [ Fig. 1(b) ] is directly assumed from the experimental measurements of voltage-controlled magnetic anisotropy in ultrathin Fe atomic layers. 22 However, no results on the voltage-induced magnetic anisotropy are now available for the metallic Ni(001) and Co(0001) films. For the sake of simplicity, the same K s (V ) is tentatively used for the Ni(001) and Co(0001) films herein, although K s (V ) could differ in these three transition-metal films and support from both experiments and ab initio calculations are awaited. Actually, recent density functional calculations 42 showed that ultrathin Ni and Co films exhibited quite similar voltage-induced surface ME coefficients to Fe, i.e., 2.9 × 10 −14 G cm 2 /V for a 15-ML Fe(001) film with perpendicular [001] magnetization, 3.0 × 10 −14 G cm 2 /V for 9-ML Ni(001) with in-plane [100] magnetization, and 1.7 × 10 −14 G cm 2 /V for 9-ML Co(0001) film with [001] magnetization.
As the first example, the electric voltage-induced changes in H OP eff for the (001) Fe/BTO thin-film heterostructure are shown in Fig. 2(a) . It shows distinct size-dependent characteristics of the voltage-controlled out-of-plane effective anisotropy field, i.e., H OP eff , demonstrating the coexistence of both the interface-charge-and strain-mediated ME coupling in the heterostructure. A transition thickness d tr for the two inter- acting ME coupling mechanisms can be estimated to be about 0.5 nm (about one-unit cell thickness) as the contributions from the two mechanisms become equal from Eq. (5). Thus, when the Fe film thickness is smaller than d tr (e.g., 0.2 nm), the H OP eff -voltage curve tends to mimic the voltage-induced surface anisotropy change behavior, i.e., a hysteresis-like loop [see Fig. 2(a) ], indicating that the interface-charge-mediated ME coupling could play a major part. However, the H In comparison with the Fe(001) film, the Ni(001) film presents different behavior, as shown in Fig. 3(a) for H Fig. 3(b) ], i.e., butterfly-shaped H OP eff -voltage behavior, demonstrating the dominant influence of strain-mediated ME coupling. Therefore, a significant interface-charge-mediated ME coupling may be difficult to be observed in such (001) Ni/BTO and (0001) Co/BTO bilayers wherein a robust strain-mediated ME coupling is always present in the case that the voltage-induced surface anisotropy change as shown in Fig. 1(b) is used for them. Meanwhile, the strain-induced H OP eff in these two cases are much larger than that in the (001) Fe/BTO structure due to their larger magnetoelastic coupling coefficients. 36 Moreover, it should be noted that these butterfly-shaped H OP eff -voltage loops in the (001) Ni/ and (0001) Co/BTO bilayers exhibit opposite trends. This is due to the opposite signs of H OP eff and different K s 36 observed in the Ni(001) and Co(0001) films. Now turn to an even more interesting FM/FE heterostructure consisting of an FM half-metal like LSMO. LSMO is used due to its high sensitivity of a strongly correlated magnetic state to the charge carriers. 19, 20 In half-metals, the screening interface charges are usually 100% spin polarized, which in principle allows stronger ME coupling 43, 44 as compared to the partial spontaneous spin polarization in FM metals such as Fe, Ni, and Co. For example, a universal surface ME constant of about 6.44 × 10 −14 G cm 2 /V was derived for all FM halfmetals, 44 which is about two to three times higher than that for FM metals, as mentioned above. Thus a larger voltage-induced surface anisotropy change is assumed for the half-metallic LSMO(001) films, as shown in Fig. 4(a) . The sharp changes of K s in the vicinity of the FE coercive field can be related to the two distinct states for the spin-polarized interface charges resulting from the FE polarization reversal, i.e., the accumulation and the depletion state, respectively, as observed in a recent experiment. 19, 20 Similarly to the case of the (001) Fe/BTO structure, the (001) LSMO/BTO heterostructure presents either hysteresis-like or butterfly-shaped H OP eff -voltage loops at room temperature [ Fig. 4(b) ], depending on the thickness of the LSMO films, exhibiting the interface-charge and strain co-mediated ME coupling. However, the room-temperature transition thickness d tr in the (001) LSMO/BTO case is significantly larger than that in the (001) Fe/BTO case, i.e., about 4.2 nm, due to an enhanced ME coupling and thus the larger voltage-induced surface anisotropy change K s as discussed above. Furthermore, it can be seen that change in H magnetic anisotropy change may be more significant in the thick LSMO(001) films where the strain-mediated ME coupling dominates, as observed in recent experiments. 12, 19, 20 The H OP eff -voltage curves of the LSMO/BTO structure at low temperature present a similar size-dependent behavior [ Fig. 4(c) ] to its room temperature case. However, it can be expected that the interface-charge-mediated ME effect would become more remarkable at low temperature in comparison with the suppressed strain-mediated ME coupling due to reduced piezoelectric strains, which can further lead to a larger transition thickness d tr , demonstrating a major influence of the interface-charge-mediated ME coupling within a wider thickness range.
IV. CONCLUSIONS
In conclusion, a simple phenomenological model is able to describe the size-dependent electric voltage-controlled magnetic anisotropy in multiferroic heterostructures. The interface-charge-and strain-mediated coupling coexist and interact with each other in bilayer structures. A transition thickness d tr is defined to describe the competition between these two coupling mechanisms, below which the influence of the interface-charge-mediated ME coupling would outweigh that of the strain-mediated ME coupling. The calculations show that interface-charge and strain co-mediated ME coupling can be clearly observed in the (001) Fe/BTO and the (001) LSMO/BTO structures. In particular, LSMO(001) films exhibit large transition thicknesses d tr , indicating a more remarkable interface-charge-mediated ME effect. While in the (001) Ni/BTO and (0001) Co/BTO bilayers, the strainmediated ME coupling could be always dominant, providing that they exhibit the same voltage-induced surface anisotropy contribution as in the (001) Fe.
